Reactive oxygen species (ROS) mediate abscisic acid (ABA) signaling in guard cells. To dissect guard cell ABA-ROS signaling genetically, a cell type-specific functional genomics approach was used to identify 2 MAPK genes, MPK9 and MPK12, which are preferentially and highly expressed in guard cells. To provide genetic evidence for their function, Arabidopsis single and double TILLING mutants that carry deleterious point mutations in these genes were isolated. RNAi-based gene-silencing plant lines, in which both genes are silenced simultaneously, were generated also. Mutants carrying a mutation in only 1 of these genes did not show any altered phenotype, indicating functional redundancy in these genes. ABA-induced stomatal closure was strongly impaired in 2 independent RNAi lines in which both MPK9 and MPK12 transcripts were significantly silenced. Consistent with this result, mpk9-1/ 12-1 double mutants showed an enhanced transpirational water loss and ABA-and H2O2-insensitive stomatal response. Furthermore, ABA and calcium failed to activate anion channels in guard cells of mpk9-1/12-1, indicating that these 2 MPKs act upstream of anion channels in guard cell ABA signaling. An MPK12-YFP fusion construct rescued the ABA-insensitive stomatal response phenotype of mpk9-1/12-1, demonstrating that the phenotype was caused by the mutations. The MPK12 protein is localized in the cytosol and the nucleus, and ABA and H2O2 treatments enhance the protein kinase activity of MPK12. Together, these results provide genetic evidence that MPK9 and MPK12 function downstream of ROS to regulate guard cell ABA signaling positively.
Reactive oxygen species (ROS) mediate abscisic acid (ABA) signaling in guard cells. To dissect guard cell ABA-ROS signaling genetically, a cell type-specific functional genomics approach was used to identify 2 MAPK genes, MPK9 and MPK12, which are preferentially and highly expressed in guard cells. To provide genetic evidence for their function, Arabidopsis single and double TILLING mutants that carry deleterious point mutations in these genes were isolated. RNAi-based gene-silencing plant lines, in which both genes are silenced simultaneously, were generated also. Mutants carrying a mutation in only 1 of these genes did not show any altered phenotype, indicating functional redundancy in these genes. ABA-induced stomatal closure was strongly impaired in 2 independent RNAi lines in which both MPK9 and MPK12 transcripts were significantly silenced. Consistent with this result, mpk9-1/ 12-1 double mutants showed an enhanced transpirational water loss and ABA-and H2O2-insensitive stomatal response. Furthermore, ABA and calcium failed to activate anion channels in guard cells of mpk9-1/12-1, indicating that these 2 MPKs act upstream of anion channels in guard cell ABA signaling. An MPK12-YFP fusion construct rescued the ABA-insensitive stomatal response phenotype of mpk9-1/12-1, demonstrating that the phenotype was caused by the mutations. The MPK12 protein is localized in the cytosol and the nucleus, and ABA and H2O2 treatments enhance the protein kinase activity of MPK12. Together, these results provide genetic evidence that MPK9 and MPK12 function downstream of ROS to regulate guard cell ABA signaling positively.
abscisic acid ͉ anion channels ͉ protein kinase ͉ reactive oxygen species ͉ stomata T he phytohormone abscisic acid (ABA) regulates diverse cellular processes and transduces environmental signals to protect plants from abiotic stresses (1, 2) . Among the identified molecular elements working in ABA signaling are protein kinases and phosphatases that play a central role in regulating the signaling network (3) . It is noteworthy that only a few recessive mutations in Arabidopsis protein kinase and phosphatase genes have been identified that act as positive regulators of guard cell ABA signaling. These genes include Ca 2ϩ -dependent protein kinases (CPK3, CPK6, CPK4, CPK11), a protein phosphatase 2A regulatory subunit A (RCN1), a receptor-like protein kinase (RPK1), a Ser/Thr protein kinase (OST1), and MAPK cascade genes (MKK1, MPK6) (4) (5) (6) (7) (8) .
Reactive oxygen species (ROS) were shown previously to induce increases in cytosolic Ca 2ϩ and stomatal closure (9) . ROS activate hyperpolarization-activated plasma membrane Ca 2ϩ -permeable channels in guard cells of Vicia and Arabidopsis (10, 11) . ABA also increases H 2 O 2 levels in Vicia guard cells in advance of stomatal closure (12) . The endogenous source of guard cell ROS has been explored through a combined molecular genetic and functional genomics approach, which revealed that the 2 guard cell-expressed AtrbohF and AtrbohD NADPH oxidases, among the 10 NADPH oxidases in the Arabidopsis genome, are responsible for ABA-induced ROS production and subsequent ABA signaling in guard cells (13) .
ABA was shown to induce MAPK activation in barley aleurone layers (14) , and a possible MAPK activity was observed in Vicia guard cell protoplasts (15) . Furthermore, a study with pea epidermal peels showed that the MAPKK inhibitor PD98059 inhibits ABA-induced stomatal closure and expression of an ABA-inducible dehydrin gene (16, 17) . Despite these studies indicating that MAPK cascades function in ABA signaling, it remains to be established which specific MAPKs, MAPKKs, and MAPKK kinases (MAPKKKs) form a complete cascade to mediate ABA signaling in guard cells. The large number of genes in the plant MAPK, MAPKK, and MAPKKK families (18) potentially confers a high level of genetic redundancy within signal transduction mechanisms, thereby hampering conventional genetics. Nevertheless, complete MAPK cascades that function in plant innate immunity and stomatal development have been established (19) (20) (21) . Interestingly, all these identified MAPK cascades share MPK6 and/or MPK3.
Here, we show that 2 other members of the MPK family, MPK9 and MPK12, are preferentially expressed in guard cells, share functional redundancy, and function as positive regulators downstream of ROS in guard cell ABA signaling.
Results
Guard Cell-Preferential Expression of MPK9 and MPK12. To test whether MAPK cascades function in Arabidopsis guard cell ABA signaling, we first examined ABA-induced stomatal movements in the presence and absence of the MAPKK inhibitor PD98059. Both ABA-and H 2 O 2 -induced stomatal closure in Arabidopsis were significantly inhibited by PD98059, indicating that MAPK cascades function downstream of ROS in ABA signaling in Arabidopsis guard cells (Fig. S1) .
We then asked whether any genes encoding MAPK cascade components are specifically expressed in guard cells, a finding that could lead to identification of MAPK cascades required for guard cell ABA signaling. For this purpose, we analyzed ATH1 microarray-derived data in which guard cell and mesophyll cell RNA had been compared (22) . This analysis revealed that 2 MAPK genes, MPK9 and MPK12, are highly and preferentially expressed in guard cells relative to mesophyll cells (Fig. 1A) , suggesting that MPK9 and MPK12 might function specifically in guard cell signal transduction and/or development.
To confirm the microarray results, RT-PCR was performed with guard cell and mesophyll cell cDNA that was synthesized from independently prepared guard cell and mesophyll cell protoplast RNA. RT-PCR verified that both MPK9 and MPK12 are highly and preferentially expressed in guard cells relative to mesophyll cells (Fig. 1B) . The pattern of expression of the guard cell marker gene hydroxyproline-rich protein (HPRP) and the mesophyll cell marker gene calmodulin-binding protein (CBP) demonstrated that the guard cell and mesophyll cell RNA preparations were free of significant cross-contamination. To test further the specificity of MPK9 and MPK12 expression, we examined their expression patterns in other tissues, as compiled in the Genevestigator database (23) . Because guard cells are located in many plant organs, we were particularly interested in MPK9 and MPK12 expression levels in roots, seeds, root tips, and suspension cells, all of which are devoid of guard cells. We also compared expression levels and patterns of MPK9 and MPK12 with other guard cell-preferential genes. Within this set, MPK12 and pGC1 are the genes showing the highest expression level in guard cells (Fig. S2) .
To investigate further the spatial expression of MPK12, reporter gene analyses were performed. Fig. 1 C-H shows that the promoter of MPK12 drove strong ␤-glucuronidase (GUS) and GFP expression in guard cells in cotyledons, hypocotyls, 3-weekold expanded leaves, sepals, stigma, and anthers. The MPK12 promoter had been shown earlier to drive low levels of GUS expression in roots (24) .
Deleterious Mutations in MPK9 and MPK12 Impair Stomatal Behavior in Response to ABA and H2O2. We initially looked for knockout mutants for these genes to test genetically whether these guard cell MAPK genes function in ROS-mediated ABA signaling. Despite a large effort, we failed to identify homozygous knockout mutants for these genes. An independent effort also failed to isolate homozygous knockout mutants for MPK12 (24) . Alternatively, we searched for TILLING mutants (25) and found 2 independent mutants for each of the genes. Each mutant contained a point mutation (Fig. S3) , and PCR-based genotyping and restriction enzyme digestions of the PCR products enabled us to identify 3 homozygous TILLING mutant lines (mpk9-1, mpk12-1, and mpk12-2). We then examined the stomatal movement phenotype of these homozygous mpk mutants. As shown in Fig. 2A , none of the single mutants showed any altered stomatal movement in response to ABA, as compared with WT (P Ͼ 0.55 for mpk9-1; P Ͼ 0.82 for mpk12-1 and mpk12-2). This result suggested 2 possible scenarios: (i) MPK9 and MPK12 do not function in guard cell ABA signaling, or (ii) there is functional redundancy in these 2 genes. We therefore generated mpk9-1/12-1 double mutants and analyzed their stomatal response to ABA. In contrast to the single mutants, mpk9-1/12-1 double mutants showed very strong insensitivity in ABA-induced stomatal closure at both 3 M and 10 M ABA compared with WT ( Fig. 2B ; P Ͻ 10 Ϫ5 ), indicating that MPK9 and MPK12 are positive regulators of guard cell ABA signaling and share functional redundancy. The mpk9-1/12-1 double mutants also were significantly impaired in ABA inhibition of stomatal opening in comparison with WT ( Fig. 2C ; P Ͻ 10 Ϫ5 at both 10 and 20 M ABA).
To test whether MPK9 and MPK12 are involved in other guard cell signaling pathways, we examined stomatal responses of mpk9-1/12-1 mutants to dark and cold treatment. were responsible for the ABA-insensitive phenotype observed in mpk9-1/12-1 mutants, we produced an MPK12-YFP-HA fusion protein for complementation analysis. We predicted that introduction of MPK12 alone would be sufficient to complement the double-mutant phenotype, based on the functional redundancy in the 2 genes (Fig. 2) . The mpk9-1/12-1 mutants transformed with the MPK12-YFP-HA construct showed a restored stomatal response to ABA ( Fig. 3A ; P Ͼ 0.23 compared with WT; P Ͼ 0.78 compared with vector-transformed WT). In contrast, vectortransformed mpk9-1/12-1 double mutants retained a strong ABA insensitive response (P Ͻ 10 Ϫ4 compared with WT and the complemented mpk9-1/12-1). Expression of MPK12-YFP-HA in WT plants did not affect their stomatal response to ABA (P Ͼ 0.20 compared with WT; P Ͼ 0.84 compared with vectortransformed WT; Fig. S5 ). These data demonstrate that the point mutations in MPK9 and MPK12 cause the phenotypes observed in mpk9-1/12-1 and that the MPK12-YFP-HA fusion protein is functional and sufficient to rescue the loss-of-function phenotype of mpk9-1/12-1. Moreover, 2 independent transgenic RNAi lines in which both MPK9 and MPK12 transcripts are significantly silenced showed a strong impairment in ABAinduced stomatal closure ( Fig. 3B ; P Ͻ 0.0001 for RNAi #40 and #47 at 3 M ABA; P Ͻ 10 Ϫ5 for RNAi #40 and P Ͻ 0.04 for RNAi #47 at 10 M ABA). These data are consistent with the observed ABA-insensitive stomatal response of mpk9-1/12-1 mutants and further support a model in which MPK9 and MPK12 positively regulate guard cell ABA signaling.
ABA and Calcium Fail to Activate S-Type Anion Channels in mpk9-1/ 12-1 Mutant Guard Cells. Because ABA activation of S-type anion channels plays a crucial role in ABA-induced stomatal closure (2), we examined whether the mpk9-1/12-1 mutations affected this activation process. As shown in Fig. 4 A and B, ABA was unable to activate anion channels in mpk9-1/12-1 mutant guard cells, whereas it activated anion channel currents in WT guard cells. This result is consistent with ABA insensitivity of stomatal movement in mpk9-1/12-1 mutatns (Fig. 2) . To determine whether MPK9 and MPK12 act downstream or upstream of calcium, we also tested Ca 2ϩ activation of anion channel currents. Fig. 4 C and D show that calcium did not activate anion channel currents in mpk9-1/12-1 plants, indicating that these 2 kinases act downstream of calcium in the signaling cascade. These electrophysiological results demonstrate that MPK9 and MPK12 play an important regulatory role in ABA and calcium activation of anion channels in guard cells.
Mutations in MPK9 and MPK12 Enhance Transpirational Water Loss.
To determine whether the ABA-insensitive stomatal response in mpk9-1/12-1 plants affects transpirational water loss from leaves, we measured water loss rates of detached leaves. As shown in Fig. 5 , leaves from mpk9-1/12-1 plants consistently lost more water than WT plant leaves (P Ͻ 0.04 at 1, 2, and 4 h; P Ͻ 0.02 at 3, 5, and 6 h). After 6 h, WT leaves lost 56.3 Ϯ 3.5% of weight, whereas leaves from mpk9-1/12-1 plants lost 76.7 Ϯ 3.9% of fresh weight. These data indicate that point mutations in MPK9 and MPK12 cause enhanced transpirational water loss from leaves, a finding that correlates with the ABA-insensitive stomatal response and anion channel activation observed in mpk9-1/12-1 mutants (Figs. 2 and 4) .
MPK12 is Localized to the Cytosol and the Nucleus and Is Activated by
ABA and H2O2. In both animal and plant cells, activated MAPKs often are translocated into the nucleus where they phosphorylate target proteins, including transcription factors, and thereby regulate gene expression (26, 27) . To determine whether MPK12 is translocated to the nucleus from the cytosol upon ABA or H 2 O 2 treatment, we localized the MPK12-YFP-HA fusion protein. MPK12-YFP-HA seems to be present both in the cytosol and nucleus in the absence of an exogenous stimulus, and this localization was unaffected by ABA or H 2 O 2 treatment (Fig. 6 and Fig. S6) . It therefore is possible that MPK12 has targets in both the cytoplasm and the nucleus.
Because our data demonstrate that MPK12 and MPK9 act as positive regulators of ABA signaling in guard cells, we asked whether the protein kinase activity of MPK12 is regulated by ABA or H 2 O 2 . We treated the MPK12-YFP-HA-rescued mpk9-1/12-1 plants with ABA or H 2 O 2 and immunoprecipitated the ectopic MPK12 protein with anti-HA antibody. In vitro phosphorylation assays with the immunoprecipitated MPK12-YFP-HA protein clearly show that either ABA or H 2 O 2 enhances the kinase activity of MPK12 (Fig. 6D ).
Discussion
Although previous pharmacological studies have suggested that MAPK cascades function downstream of ROS in guard cell ABA signaling, it remained unknown which of the 20 MAPKs encoded in the Arabidopsis genome mediates this signaling. Here, we report that 2 MPK genes, MPK9 and MPK12, are highly and preferentially expressed in guard cells and positively regulate ABA signaling acting downstream of ROS. Mutations in both MPK9 and MPK12 lead to reduced ABA promotion of stomatal closure and ABA inhibition of stomatal opening, impaired ABA and calcium activation of anion channels, and enhanced transpiration water loss in leaves. We also show that MPK12 kinase activity is increased by ABA and H 2 O 2 treatment.
ROS function in many cellular processes, so one may question how ROS-based signaling is able to process so many different stimuli and evoke specific cellular responses. A possibility is that ROS play different roles depending on the cellular mechanisms by which they have been generated, because plant cells have several mechanisms for ROS formation. For example, the AtrbohC NADPH oxidase is required to mediate plant root hair growth and polarized cell expansion (28, 29) , whereas AtrbohD and AtrbohF NADPH oxidases have been shown to function in plant defense response and ABA signaling in guard cells (13, 30) . The site of ROS production also could be a defining factor. In plants, AtrbohF is localized at the plasma membrane (31) , and a plasma membraneassociated NADPH oxidase has been shown to produce superoxide (32) , indicating that plant NADPH oxidases may produce ROS in the vicinity of the plasma membrane. Interestingly, some NADPH oxidases in animal cells appear to be localized at the endoplasmic reticulum and in the nucleus, and ROS produced in these cellular locations could play a different role from those produced in the plasma membrane (33) .
Another element of ROS-based signaling versatility may be diversity within the downstream effectors. Several lines of evidence suggest that MAPK cascades function in ROS signaling in plant cells and, like ROS, MAPKs have been shown to be involved in many different cellular processes (34, 35) . Because there are 20 MAPKs, 10 MAPKKs, and Ϸ80 MAPKKKs in the Arabidopsis genome (18) , permutations of these gene family members potentially can produce thousands of different combinatorial MAPKKK-MAPKK-MAPK cascades, thus enabling finely tuned, stimulus-specific responses. In addition, a MAPK can interact with multiple MAPKKs, and a MAPKK can interact with several MAPKKKs (36) . When combined with the possibility of tissue-or cell type-specific expression of MAPK cascade components, it is clear that the existence of many tissue-or cell type-specific MAPK cascades can be anticipated, thus providing a basis for cell type-specific ROS and MAPK signaling.
To reveal specific MAPK genes that function in ROSmediated ABA signaling in guard cells, we took a cell typespecific functional genomics approach and identified MPK9 and MPK12 as MAPKs that are highly and preferentially expressed in guard cells (Figs. 1 and S2 ). Based on their expression pattern, we hypothesized that MPK9 and MPK12 play an important role in guard cell development and/or signal transduction. To provide direct genetic evidence, we isolated independent TILLING mutants that have missense mutations in each of the genes (L295F in MPK9; T220I and R153K in MPK12). Protein kinases have 11 domains that are conserved throughout all eukaryotes (37) . The mpk12-1 mutant protein sequence has a Thr 220 3Ile substitution, a highly conserved position in kinase subdomain IX in many animal and plant MAPKs, whereas the mpk9-1 mutation resulted in an amino acid change (L295F) in another conserved residue within subdomain XI (Fig. S3) . Note that Thr 220 on MPK12 and Leu 295 on MPK9 are not conserved in all MAPKs. Both mpk9-1 and mpk12-1 are genetically recessive because neither F1 heterozygous plants generated by backcrossing to WT nor heterozygous mpk9-1/12-1 plants showed any altered stomatal phenotype. In contrast to the single mutants, mpk9-1/12-1 double mutants were markedly ABA insensitive in stomatal movement and impaired in ABA and calcium activation of anion channels (Figs. 2 and 4) . To verify that the altered phenotype of mpk9-1/12-1 double mutants is caused by the identified mutations, we complemented the mpk9-1/12-1 mutation by introducing an MPK12-YFP-HA transgene into these plants (Fig. 3A) . Furthermore, transgenic RNAi plants in which both MPK12 and MPK9 are simultaneously knocked down also displayed a very similar ABA-insensitive stomatal response phenotype (Fig. 3 B  and C) . Together, the genetic evidence indicates that the mpk9-1 and mpk12-1 mutations have a deleterious effect on the function of the proteins and that MPK9 and MPK12 are functionally redundant. From an evolutionary perspective, it is noteworthy that MPK9 belongs to the D group of MAPKs, whose members have an extended C-terminal tail, lack the CD domain, and contain an activation loop TDY motif instead of the TEY motif found in members of other MPK groups, including the B group to which MPK12 belongs (18) . These structural differences have suggested that group D MPKs might function differently from other MPKs. Therefore, the functional redundancy between MPK9 and MPK12 is both interesting and unexpected.
MPK3 previously has been suggested to function in ABA and ROS signaling, and this kinase also is activated by ABA and H 2 O 2 (38, 39) . Transgenic Arabidopsis plants in which MPK3 expression is reduced by 25% showed impaired ABA inhibition of stomatal opening and H 2 O 2 induced stomatal closure, whereas ABA promotion of stomatal closure and ABA-induced H 2 O 2 production were not affected. This finding suggests that MPK3 may function downstream of ROS in ABA inhibition of stomatal opening but not in ABA-induced stomatal closure (40) . In contrast, our data indicate that MPK9 and MPK12 act downstream of ROS in both ABA inhibition of stomatal opening and ABA promotion of stomatal closure (Fig. 2) .
Only a limited number of complete MAPK cascades have been identified functionally in plants. A MEKK1-MKK4/5-MPK3/6 module helps regulate the plant innate immune response (21) , and a YODA-MKK4/5-MPK3/6 cascade plays a critical role in development of the stomatal complex (20) . Another MEKK1 module (MEKK1-MKK2-MPK4/6) has been shown to modulate stress responses (41) . Because MEKK1 has been shown to act in stress-response signaling, it would be interesting to test whether MPK9 and MPK12 can be activated by MEKK1. Moreover, MAPK phosphatase 2 (MKP2) was shown to dephosphorylate and inactivate MPK3 and MPK6 and thus positively regulate oxidative stress signaling (42) . Another MAPK phosphatase, IBR5, was shown recently to interact with and inactivate MPK12 (24) . This phosphatase-kinase module negatively regulates auxin signaling but not ABA responses in roots, even though ibr5-null mutants show reduced ABA sensitivity (24) . Auxin treatment also leads to MPK12 activation (24) . Together with our results, these observations point to potential MPK12-mediated crosstalk between auxin and ABA signaling. It thus would be interesting to determine if MKP2 and/or IBR5 are involved in guard cell ABA signaling, a finding that would help complete a regulatory module for MPK9/MPK12. Although our data demonstrate that MPK9 and MPK12 act downstream of calcium and upstream of anion channels in ABA signaling, further molecular genetic and cell biological studies are required to determine a detailed mechanism by which these 2 MAPKs regulate anion channel activity and stomatal closure (Fig. S7 ).
Materials and Methods
Expression Studies for MPK9 and MPK12. RT-PCR was performed to measure steady-state transcript levels for MPK9 and MPK12. Total RNA was extracted from guard cell and mesophyll cell protoplasts with high purity (Ͼ 98% for guard cells, Ͼ 97% for mesophyll cells) isolated as previously described (43) . Details about RT-PCR and cloning of the promoters are described in SI Materials and Methods. Primers used in this study are listed in Table S1 .
Identification of TILLING Mutants for MPK9 and MPK12. TILLING mutants were identified for MPK9 and MPK12 as described (25) . PCR-based genotyping was performed using primers MPK9-TILLF and MPK9-TILLR for MPK9 and primers MPK12-TILLF and MPK12-TILLR for MPK12. For MPK9, CS93832 (mpk9-1) had a mutation in L295F. For MPK12, CS94838 (mpk12-1) and CS93401 (mpk12-2) had mutations in T220I and R153K, respectively. The mpk9-1/12-1 mutation was generated and then double-backcrossed to WT to delete any other background mutations. Restriction enzymes used for genotyping were Bpi I, Aci I, and AflII (New England) for CS93832, CS94838, and CS93401, respectively.
Complementation of mpk9-1/12-1. A full-length MPK12 cDNA cloned into pEarleyGate 101 with YFP and an HA tag was introduced into WT and mpk9-1/12-1 plants. Transformants were selected based first on their resistance to Basta. Homozygous lines with a single T-DNA insertion were obtained based on a Mendelian ratio of 3:1 for Basta resistance. Northern and Western blot analyses were carried out to select complemented lines showing high MPK12 transcript and protein levels.
Anion Channel Recordings. Anion channel recordings were conducted with guard cell protoplasts that were isolated from 4.5-week-old WT and mpk9-1/ 12-1 mutant plants as previously described (4). Seal resistance was Ͼ10 G⍀. The voltage protocol stepped the voltage from a holding potential of ϩ30 to ϩ35 mV for 15 s. Subsequent voltage steps were decreased by 30 mV per pulse. To measure the effects of ABA (Sigma, MO), protoplasts were incubated at 22°C with 10 M ABA for 2 h before recording. For calcium activation, protoplasts were preincubated in the bath solution supplemented with 39 mM CaCl2 for 30 min. Leak currents were not subtracted. Steady-state currents were sampled at least 1 s of each voltage step.
Confocal Microscopy. To determine subcellular localization of MPK12, epidermal strips were prepared from 4-week-old mpk9-1/21-1-complemented lines expressing the MPK12-YFP-HA construct. The epidermal strips were treated with 100 M ABA or 50 M H2O2 for 30 min in the dark before being mounted between 2 cover slips. Confocal laser microscopy was carried out to assess MPK12-YFP localization using a Zeiss LSM 510 microscope system. Argon laser light (488 nm, 10% power) was used to excite YFP, and emission wavelength was measured at a 505-to 550-nm bandpass. Autofluorescence was monitored at 488 nm, and transmission images were collected in parallel.
Western Blot Analysis, Immunoprecipitation, and in Vitro Protein Kinase Assay. Proteins were extracted from rosette leaves of WT, vector-transformed WT, vector-transformed mpk9-1/12-1 mutants, and the complemented mpk9-1/ 12-1 mutants. Following SDS/PAGE, the proteins were transferred to nitrocellulose membrane. To detect MPK12-GFP-HA, mouse anti-HA antibody (1:5,000 dilution, Sigma) and HRP-conjugated anti-rat IgG antibody (1:5,000 dilution, GE Healthcare) were used. For immunoprecipitation and in vitro protein kinase assays, 4-week-old mpk9-1/12-1 mutants expressing the MPK12-YFP-HA construct were treated with 1 mM H 2O2 for 30 min, or 50 M ABA, or water for 1 h, and proteins were extracted from rosette leaves. Rabbit anti-YFP antibody (1:5,000 dilution, Santa Cruz Biotechnology.) was added to the protein extract, and the amount of immunoprecipitated MPK12 protein was assayed by mouse anti-HA antibody (1:5,000 dilution, Sigma). In vitro protein kinase assay was performed using myelin basic protein (Sigma) as a substrate as described (44) .
